Multi-cell wireless systems usually suffer both intracell and inter-cell interference, which can be mitigated via coordinated multipoint (CoMP) techniques. Previous works on multi-cell analysis for the microwave band generally consider fully digital beamforming that requires a complete radio-frequency chain behind each antenna, which is less practical for millimeterwave (mmWave) systems where large amounts of antennas are necessary to provide sufficient beamforming gain and to enable transmission and reception of multiple data streams per user. This paper proposes four analog and digital hybrid beamforming schemes for multi-cell multi-user multi-stream mmWave communication, leveraging CoMP. Spectral efficiency performances of the proposed hybrid beamforming approaches are investigated and compared using both the 3rd Generation Partnership Project and NYUSIM channel models. Simulation results show that CoMP based on maximizing signal-to-leakage-plus-noise ratio can improve spectral efficiency as compared to the no-coordination case, and spectral efficiency gaps between different beamforming approaches depend on the interference level that is influenced by the cell radius and the number of users per cell.
I. INTRODUCTION
Millimeter-wave (mmWave) cellular systems are expected to be deployed in fifth-generation (5G) networks to achieve much greater data rates using much wider bandwidth channels. In dense networks, a major challenge that needs to be solved is inter-cell interference. Extensive research work has been done on eliminating or mitigating inter-cell interference. Power control and antenna array beamforming are two basic approaches for controlling multi-user interference [1] , but power control mainly improves the quality of weak links by equalizing the signal-to-interference-plus-noise ratio (SINR) for all users in a cell. However, antenna arrays can improve desired signal quality whilst mitigating interference by adjusting beam patterns. Antenna array beamforming is more compelling for mmWave systems as compared to power control since antenna arrays are expected to be used at both communication link ends to provide array gain to compensate for the higher free space path loss in the first meter of propagation. To reduce interference using antenna arrays, one promising solution is letting base stations (BSs) or transmission points (TPs) in different cells cooperate in transmission and/or reception using antenna arrays.
The 3rd Generation Partnership Project (3GPP) completed a study on coordinated multipoint (CoMP) techniques for the Sponsorship for this work was provided by the NYU WIRELESS Industrial Affiliates program and NSF research grants 1320472, 1302336, and 1555332.
fourth-generation (4G) Long Term Evolution (LTE)-Advanced system in 2013 [2] . Different CoMP strategies in [2] entail different levels of complexity and requirements with respect to channel state information (CSI) feedback and CSI sharing, which are detailed below in increasing order of complexity and requirements.
1) Coordinated Scheduling/Beamforming: Data for a mobile user equipment (UE) is only available at and transmitted from one TP in the CoMP cooperating set (downlink data transmission is done from that specific TP) for a time-frequency resource, but user scheduling/beamforming decisions are made with coordination among multiple TPs.
2) Dynamic Point Selection (DPS)/Muting: Data is available simultaneously at multiple TPs but is transmitted from only one TP in a time-frequency resource using its own beamforming approach, and the transmitting/muting TP may change from one subframe (time or frequency resource) to another.
3) Joint transmission: Data for a UE is available at multiple TPs and is simultaneously transmitted from multiple TPs to a single UE or multiple UEs in the same time-frequency resource.
BS coordination for interference suppression has been extensively explored in the literature in the past decade, such as the works in [3] - [6] , yet those works focused on fully digital beamforming with one radio-frequency (RF) chain behind each antenna, which is not likely to be suitable for mmWave systems with large amounts (e.g., hundreds) of antennas at BSs due to hardware complexity, power consumption, and cost. BS cooperation in mmWave multi-cell networks was investigated in [7] - [9] , but the mobile receiver was equipped with merely a single omnidirectional antenna hence leading to only singlestream communication in those works. In 5G mmWave systems, however, antenna arrays will also be employed at the mobile receiver to provide array gain and beamforming and/or spatial multiplexing capability.
In this paper, we investigate multi-cell multi-user multistream analog and digital hybrid beamforming (HBF) strategies for mmWave multiple-input multiple-output (MIMO) systems using four schemes: three that use coordinated scheduling/beamforming, and one that does not use any TP coordination (as a baseline), which has not been studied before to our best knowledge. In this work, we focus on the forward link from the TP to the UE, and assume equal power allocations are used for each stream (i.e. no power control or water filling per stream). A multi-cell framework is formulated based upon today's conventional three-sector BS antenna configuration, where each 120 sector (i.e., cell, as defined in 3GPP parlance [2] ) uses a uniform rectangular array (URA) with 256 antenna elements (eight rows by 16 columns by two polarizations) for each TP, similar to what is envisioned for 5G MIMO systems [10] , [11] . The spacing between adjacent copolarized elements is /2 in azimuth and in elevation where denotes the carrier wavelength (e.g., 10.7 mm at 28 GHz and 4.1 mm at 73 GHz), and the radiation pattern of each antenna element is given in Table I , which provides a 3 dB beamwidth resolution of about 8 in the broadside direction of the URA at each TP. Note that the number of RF chains used to feed the URA dictates the maximum number of independent RF streams that may be transmitted but shared over all users in a cell. A number of (3 or 12 in this work) UEs, each with an eightelement URA and four RF chains (for up to four streams per user), are randomly dropped in each cell over distances ranging between 10 m and the cell radius (e.g., 50 m or 200 m), and 100 MHz channel bandwidths are used assuming orthogonal frequency-division multiplexing (OFDM)-like (single channel per tone) modulation with small channel bandwidths for flat fading. 5G systems will have large bandwidths (e.g., 1 GHz), but this bandwidth is likely to be aggregated over RF channels which are 100 MHz wide and which use many OFDM subcarriers that are each narrowband (flat-fading) in nature [11] , [12] . URAs are considered because they are able to form beams in both azimuth and elevation dimensions, as will be required in 5G mmWave systems [10] . It is assumed that the TPs in different cells (i.e., 120 sectors) have full CSI and can exchange the CSI among each other, such that TPs can take actions to mitigate inter-cell interference, which corresponds to coordinated scheduling/beamforming per the definition by 3GPP [2] . The main contributions and observations of this paper are as follows:
• Four multi-cell HBF approaches are proposed and compared in terms of spectral efficiency under various conditions (e.g., different cell radii, numbers of users, and numbers of streams per user), using both the 3GPP TR 38.901 Release 14 channel model [13] and the NYUSIM channel model [14] .
• Inter-cell TP coordination based on a strategy that maximizes signal-to-leakage-plus-noise ratio (SLNR) for each user in every cell is shown to improve spectral efficiency by as much as 67% when compared to the no-coordination case, where leakage refers to the amount of interference caused by the signal intended for a desired user but received by the remaining users in all cells considered, in contrast to interference that is generated from undesired TPs and received by the desired user [5] , [15] , [16] . Furthermore, we show that the SLNR-based approach can virtually eliminate interference for each user when each cell is lightly loaded (e.g., three users per cell).
• For the same cell radius and the same forward-link transmit power for each user without power control, an increase in the number of users per cell results in lower per-user spectral efficiency due to the increased inter-user interference.
• For the same number of users per cell and the same forward-link transmit power for each user without power control, a smaller cell radius leads to higher per-user spectral efficiency in most cases, primarily due to the enhanced received signal power (i.e., lower path loss) from smaller transmitter-receiver (T-R) separation distances.
II. MULTI-CELL SYSTEM LAYOUT AND HYBRID BEAMFORMING FRAMEWORK We consider an mmWave system with three adjacent cells (i.e., sectors), each having one TP and multiple (e.g., 3 or 12) UEs, referred to as a coordination cluster. Only three adjacent cells are studied herein since inter-cell interference among these three cells will dominate the interference due to the geographical proximity and use of mmWave frequencies.
Further, the antenna element is modeled with a sectoral antenna pattern [17] , and the array has the required array pattern (e.g., about 8 3 dB beamwidth), so that users out of the sectoral range do not see the benefit of the array. Therefore, the three-cell system is representative of homogeneous multicell networks with both intra-and inter-cell interference. The four proposed HBF approaches are applicable to general cases with more cells. Fig. 1 depicts an example of the three-cell layout with three users per cell. Interference from neighboring coordination clusters is ignored in this work. Inclusion of the interference from neighboring clusters will lower the SINR for all beamforming approaches.
III. MULTI-CELL MULTI-USER MULTI-STREAM HYBRID BEAMFORMING
Consider Fig. 1 where each cell has one TP equipped with an N T = 256 element URA (eight rows by 16 columns by two polarizations), and multiple users each with an N R = 8 element URA (two rows by two columns by two polarizations). The HBF architecture in Fig. 2 is used at each TP, where the RF chains are divided into K subsets with M RF T (fixed at four in this work) RF chains in each subset, such that the total number of RF chains is N RF T = KM RF T where K is 3 or 12 here. Additionally, at each TP, there are K baseband digital precoders each connected to a subset dedicated to a user in the home cell. The URA architecture at each UE is illustrated in Fig. 3 , where there are N R antennas and N RF R RF chains at each UE, and all the RF chains are connected to all the antennas. The approaches in this work assume all UEs use all four RF chains, even if the stream number is less than four. For TP i and user k in cell l, the N R ⇥ N T downlink channel is denoted as H k,l,i , the N T ⇥ M RF T RF precoding matrix is F RF k,l , and the M RF T ⇥ N S baseband precoding matrix is F BB k,l . The N R ⇥ N RF R RF combining matrix and the N RF R ⇥ N S baseband combining matrix are W RF k,l and W BB k,l , respectively. The received signal at user k in cell l can be formulated as:
where P t represents the transmit power for each user in Watts, and is assumed to be constant regardless of the number of users per cell and the cell radius. PL k,l,i denotes the largescale distance-dependent path loss in Watts, including shadow fading, from TP i to user k in cell l,
is a scaling factor to satisfy the per-user transmit power constraint ||
l,m,i after RF precoding and RF combining is:
The spectral efficiency of user k in cell l is calculated as in (3) [18] , where the interference term D in (3) is given by:
(4) Note that the spectral efficiency in (3) is formulated based on Shannon theory assuming ideal encoding and decoding functions and serves as an upper bound of the achievable rate [19] . Non-ideal/more practical encoding and decoding may be used in reality which results in lower spectral efficiency compared to (3) . Additionally, for all the multi-cell HBF approaches henceforth, it is assumed that no power control is performed.
A. Baseline Case -No Coordination Among Cells
Let us first consider the interference-ignorant baseline case where there is no TP coordination among cells. Assuming only local CSI is available at each TP, a reasonable precoding scheme is eigenmode transmission [20] . User k in cell l will be treated as the desired user in all the subsequent multi-cell HBF design. Let us define the effective channel matrixȞ k,l,k,l 2 C N RF R ⇥M RF T for user k in cell l as
where the RF precoding and RF combining matrices F RF k,l and W RF k,l are designed such that ||W
beamforming approach in Eqs. (12)- (14) proposed in [21] is applied to obtain F RF k,l and W RF k,l , in which the codebooks for F RF k,l and W RF k,l consist of the TP and UE antenna array response vectors corresponding to the angles-ofdeparture (AoDs) and angles-of-arrival (AoAs) associated with the desired user, respectively [18] . The baseband precoding matrix F BB k,l is composed of the dominant N S right singular vectors obtained from the singular value decomposition (SVD) ofȞ k,l,k,l , and the baseband combining matrix W BB k,l is constituted by the dominant N S left singular vectors obtained from the SVD ofȞ k,l,k,l F BB k,l .
B. Leakage-Suppressing and Signal-Maximizing Precoding
A coordinated scheduling/beamforming CoMP scheme named leakage-suppressing and signal-maximizing precoding (LSP) is proposed herein, where the RF precoder is aimed at mitigating the dominant leakage to all the other users while enhancing the strength of the desired signal. The precoding matrix at TP l for user k in cell l is designed as follows. First, the cascaded leakage channel matrix consisting of all the channel matrices except the one for user k in cell l is obtained through CSI exchange among TPs as:
The columns of RF beamforming matrices at each TP and UE are selected from pre-defined beamforming codebooks that consist of antenna array response vectors a T and a R at the TP and UE, respectively. The matrix A T and A R are composed of a T 's and a R 's corresponding to the AoDs and AoAs associated with the desired user, respectively [18] . The first column in the RF precoding matrix F RF k,l is chosen from A T such that ||H k,l F RF k,l (:, 1)|| 2 F is minimized, whose physical meaning is using the first RF precoding vector at TP l to minimize the leakage to all the other users in all the cells considered. The remaining M RF T 1 columns in F RF k,l are selected from A T to maximize ||H k,l,l F RF k,l (:, 2 : M RF T )|| 2 F , i,e, utilizing the remaining M RF T 1 RF precoding vectors to maximize the desired signal power to user k in cell l. Then the baseband precoding matrix F BB k,l is designed by taking the SVD of H k,l,l F RF k,l and setting F BB k,l as V(:, 1 : N S ) where V(:, 1 : N S ) represents the dominant N S right singular vectors of H k,l,l F RF k,l .
For the design of the hybrid combining matrix at user k in cell l, first, the optimum fully digital combining matrix is obtained by taking the SVD of H k,l,l F RF k,l F BB k,l , and setting the columns of the combining matrix to be the dominant N S left singular vectors. Then the RF and baseband combining matrices are designed similarly to Algorithm 1 on Page 1505 of [18] using the optimum fully digital combining matrix. As extensions of LSP, if sufficient channel diversity exists, more than one precoding vector could be used for suppressing leakage when designing the precoding matrix at each TP.
C. SLNR-Based Precoding
The third multi-cell HBF strategy is an SLNR-based scheme incorporating coordinated scheduling/beamforming in CoMP. Directly maximizing the SINR involves a challenging optimization problem with coupled variables, thus the SLNR is utilized as an alternative optimization criterion. In the SLNRbased CoMP scheme, the effective channel matrixȞ m,i,k,l 2
RFm,i H m,i,l F RF k,l , and the (KL 1)N RF R ⇥ M RF T leakage matrix for TP l communicating with user k in cell l is given by:
The RF precoding and RF combining matrices F RF k,l and W RF k,l are designed such that ||W H RF k,l H k,l,l F RF k,l || 2 F is maximized, where F RF k,l and W RF k,l are obtained in the same manner as in the baseline case. The baseband precoding matrix F BB k,l is designed to maximize the SLNR as follows [5] . The expected received signal power prior to the baseband combining process is E 
The SLNR is hence formulated as in (7) [5], whereH k,l is given by (6) , and the second equality in (7) holds since E[s k,l s H k,l ] = I NS and E[n k,l n H k,l ] = N 0 I NR . And satisfies:
The optimal F BB k,l that maximizes the SLNR in (7) can be derived similarly to the precoding matrix in [5] and is composed of the leading N S columns of T k,l which contains the generalized eigenvectors of the pair H H k,l,k,lHk,l,k,l ,H H k,lHk,l + I M RF T . W BB k,l is designed as a matched filter at the receiver [5] :
D. Generalized Maximum-Ratio Precoding
The fourth HBF strategy is generalized maximum-ratio (GMR) transmission that belongs to coordinated scheduling/beamforming in CoMP, and has the same RF precoding, RF combining, and baseband combining procedures as the SLNRbased approach. In the GMR-based method, the effective channel for user k in cell l after RF precoding and RF combining is denoted as the N RF R ⇥ M RF T matrixȞ m,i,k,l defined as: 
If N RF R = N S , the baseband precoding matrix can be set as the N S (K(l 1) + k 1) + 1th to the N S (K(l 1) + k)th columns of F BB yielded by the GMR transmission matrix:
Or equivalently
Eq. (13) shows that GMR essentially requires no coordination among TPs. However, it should be noted that GMR only works for the situation where N RF R = N S , and will not work otherwise due to matrix dimension mismatch. All the other proposed schemes work for any situations where N RF R N S . In practice, the dimension issue is easily accounted for by turning off the unnecessary RF chains.
E. Feasibility of Zero-Forcing Precoding
Another popular multi-user precoding method besides maximum ratio (MR) is zero-forcing (ZF) [22] , thus it is reasonable to consider whether ZF precoding is feasible in the system setup herein. Analogous to GMR introduced in the previous subsection, let us assume the RF precoding, RF combining, and baseband combining schemes are the same as those in the GMR-based HBF method, and that N S = N RF R , then the baseband precoding matrix for user k in cell l F BB k,l is composed of the N S (K(l 1) + k 1) + 1th to the N S (K(l 1) + k)th columns of F BB given by the generalized ZF matrix:
whereH k,l is given by (11) which is smaller than KLN RF R . Therefore,H k,lH H k,l is rank deficient thus not invertible, hence ZF precoding is not feasible for the proposed multi-cell system due to dimension constraints. Alternatively, the rank deficiency problem will not exist if ZF is done at the receiver side, which, however, requires that each user has the CSI of all TPs to all users, and this is too much overhead for the user hence not feasible, either. While regularized ZF (RZF) can be used to avoid the rank deficiency issue in ZF, the optimal regularization parameter remains to be solved for multi-cell multi-stream scenarios, which is outside the scope of this paper. Further, the performance of RZF approximates MR for low SNRs and ZF for high SNRs, thus MR and ZF are sufficiently instructive.
IV. CHANNEL MODEL PARAMETER SETTING Two types of channel models that can be regarded as promising candidates for 5G wireless system simulation are the 3GPP TR 38.901 Release 14 channel model [13] and NYUSIM channel model [14] , [23] . The former is inherited from sub-6 GHz communication system models with modifications to accommodate the spectrum above 6 GHz up to 100 GHz [24] . The NYUSIM model is also developed based on extensive real-world propagation measurements at multiple mmWave frequency bands and is able to faithfully reproduce the channel impulse responses obtained from over 1 Terabytes of measured data [14] , [25] , [26] . Both 3GPP and NYUSIM models include basic channel model components such as lineof-sight probability model, large-scale path loss model, largescale parameters, small-scale parameters, etc. However, the approaches and parameter values used in each modeling step can be significantly different. Both 3GPP TR 38.901 Release 14 [13] and NYUSIM [14] models will be used to investigate the impact of different channel models on the multi-cell HBF performance, where the frequency domain representation, (i.e. The carrier frequency is 28 GHz with an RF bandwidth of 100 MHz with narrowband frequency-flat-fading sub-carriers. Each TP antenna element has a radiation pattern as specified in Table 7 .3-1 of [13] with a maximum gain of 8 dBi, and each UE antenna element possesses an omnidirectional pattern.
complex gains for each OFDM channel across the spectrum) [12] is applied in space across the antenna manifold at a single epoch for analysis. Channel model parameter settings utilized in the simulations are given in Table I .
V. SIMULATION RESULTS AND ANALYSIS
A. Eigenvalues of HH H Eigenvalues of HH H are a measure of the power contained in eigenchannels for spatial multiplexing in a MIMO-OFDM system. We generate the downlink N R ⇥ N T MIMO channel matrix H using both 3GPP [13] and NYUSIM [14] , [26] channel models, for a system operating at 28 GHz with 100 MHz RF bandwidth and narrowband frequency-flat fading sub-carriers, and 256 antennas in the TP URA and eight antennas in the UE URA. Although the channel coefficients in H over the 100 MHz usually vary with carrier frequency, the mean values (statistics) of the eigenvalues of HH H , where the superscript H denotes conjugate transpose, are generally frequency-independent over the 100 MHz bandwidth. In other words, the narrowband flat fading will be identical in statistics at any sub-carrier in the 100 MHz RF channel bandwidth, so for simplicity, we use the channel impulse response from the 3GPP channel model and the NYUSIM channel model, respectively, and apply the resulting narrowband complex channel gain/channel state at the center frequency sub-carrier of 28.000 GHz. Fig. 4 depicts the cumulative distribution functions (CDFs) of the largest four eigenvalues of HH H for both 3GPP [13] and NYUSIM [14] , [26] models for each individual user in a threecell three-user MIMO-OFDM system in the urban microcell (UMi) scenario. Fig. 4 shows that the highest two eigenvalues of HH H in NYUSIM are larger than those in 3GPP in most cases, while the third and fourth eigenvalues are smaller most of the time. This indicates that NYUSIM yields only a few but strong dominant eigenmodes, whereas the 3GPP model generates more eigenmodes with weaker powers. The number of dominant eigenchannels (i.e., the channel rank) in NYUSIM is statistical and can vary over the range of 1 to 5, where 5 is the maximum number of spatial lobes [26] , with an average and typical value of 2 over numerous simulations.
B. Spectral Efficiency
Using the multi-cell multi-user MIMO (MU-MIMO) HBF procedures proposed above and the three-cell layout demonstrated in Section II, and the simulation settings shown in Table I , spectral efficiency is studied using both the 3GPP and NYUSIM channel models via MATLAB simulations. For each channel model, 400 random channel realizations were carried out where 27 channel matrices were generated in each channel realization for the three-user-per-cell case (hence resulting in 10800 channel matrices in total), which represent the channel matrices between each TP and each UE in the three cells; while 100 random channel realizations were carried out where 108 channel matrices were generated in each channel realization for the 12-user-per-cell case (hence resulting in 10800 channel matrices in total). In each channel realization, UE locations in each cell are randomly and uniformly generated with T-R separation distances ranging from 10 m to the cell radius. The cell radius is set to 50 m and 200 m, respectively, where the 200 m radius is obtained by assuming that 95% of the area in each cell has an SNR larger than or equal to 5 dB, and the upper bound of the T-R separation distance is calculated based on this assumption and is rounded to 200 m for both models for fair comparison [13] , [14] , while the 50 m radius is chosen for comparison purposes.
The CDFs of per-user spectral efficiency in the three-cell MU-MIMO system using both 3GPP [13] and NYUSIM [14] models are illustrated in Fig. 5 for different cell radii and numbers of users with two steams per user. Fig. 5 shows that for both 3GPP and NYUSIM models, the SLNR-based HBF outperforms all the other HBF schemes, revealing its effectiveness in suppressing both intra-cell and inter-cell interference and noise. Another distinguishing feature is that LSP does not outperform the baseline case for the 3GPP model, which is probably due to the fact that LSP spends part of the transmit power on suppressing leakage, thus leaving less power for signal transmission compared to the baseline case. In contrast, LSP works much better using the realistic NYUSIM channel model (up to 150% improvement than using the 3GPP channel model for 50% of users), since the NYUSIM channel has a stronger dominant eigenchannel than 3GPP (see Fig. 4 ), thus LSP appears to be much more effective when using the NYUSIM channel model, since the dominant leakage is stronger. Furthermore, using NYUSIM leads to higher spectral efficiency as compared to the 3GPP model, likely due to the stronger two dominant eigenchannels per user yielded by NYUSIM channel matrices.
When comparing Figs. 5(a) and 5(b), or Figs. 5(c) and 5(d), it is noticeable that for the same cell radius, the spectral efficiency gap between the SLNR approach and the baseline decreases as the number of users increases. This phenomenon can be explained by Fig. 6 which depicts the average signal power and interference power (averaged over users) for different numbers of users using the SLNR method and the baseline for the 50 m cell radius as an example. Fig. 6 shows that for either the SLNR approach or the baseline, when the number of users increases from three to 12, the average signal power remains almost the [13] and NYUSIM [14] channel models. There is one TP per cell, four RF chains and two streams per user, and 48 and 12 TP RF chains for 12 and three users per cell, respectively. Figure 6 . Average signal power and interference power generated from the NYUSIM channel model for the three-cell system with a cell radius of 50 m, where the average is taken over users. There are two streams and four RF chains per user, and 48 and 12 TP RF chains for 12 and three users per cell, respectively. same, while the average interference power increases, and the ratio of the interference power in the baseline to that in the SLNR scheme is smaller in the 12-user case than in the threeuser case (about 16 versus 140), since the interference power in the SLNR method approaches zero for the three-user case. Therefore, the corresponding SINR gap and hence the spectral efficiency gap is smaller in the 12-user case.
Moreover, it is observable by comparing Figs. 5(a) and 5(c), or Figs. 5(b) and 5(d), that for the majority (about 70%-90%) of the users, the spectral efficiency for the 200 m cell radius is lower than the 50 m cell radius for any of the proposed HBF schemes with the same number of users per cell and the same . CDFs of the per-user spectral efficiency of the three-cell multi-user MIMO system using the HBF approaches proposed in this paper for 3GPP [13] and NYUSIM [14] channel models for the cases of (a) two streams, and (b) four streams per user. The users in each cell are distributed uniformly and randomly with T-R separation distances ranging from 10 m to 50 m. transmit power per user, except for the peak spectral efficiency. This indicates that the effect of interference does not dictate the spectral efficiency, but rather coverage/SNR matters most, since the 200 m cell radius corresponds to weaker interference but has lower spectral efficiency in most cases.
Next, we consider the case where each TP communicates with each of its home-cell users via four data streams, along with the two-stream-per-user case. As N S = N RF R in the fourstream-per-user case, GMR is tractable hence is considered herein. Fig. 7 depicts the 10%, 50%, and 90% CDF points of spectral efficiency for both 3GPP and NYUSIM models for two-stream and four-stream cases with a cell radius of 50 m and three users per cell. As unveiled by Fig. 7 , SLNR yields the highest spectral efficiency except for the 10% CDF point in Fig. 7(b) , where GMR outperforms all the other HBF schemes since GMR intrinsically maximizes the received signal power hence is more efficient when the SNR is low. Interestingly, the eigenmode beamforming scheme in the baseline case exhibits better performance as the number of streams increases, especially for the 3GPP channel model, likely due to its capability to focus all the transmit power onto strongest eigenmodes, and that the third and fourth eigenmodes in the 3GPP model are mostly stronger than those in NYUSIM (see Fig. 4 ). Figs. 5 and 7 indicate that CoMP (e.g., SLNR) generally provides higher spectral efficiency than the non-CoMP case (e.g., up to 67% more spectral efficiency for the weakest 5% of users using SLNR-based CoMP), thus is worth using in mmWave multi-cell networks.
VI. CONCLUSIONS
In this paper, we considered multi-cell multi-user multistream communication in mmWave homogeneous networks, and proposed and compared four HBF approaches based on the assumption that TPs in different cells have full CSI and can exchange the CSI among each other, such that the TPs can take into account both intra-cell and inter-cell interference when designing precoding matrices. Numerical results show that SLNR-based CoMP provides highest spectral efficiency in most cases (e.g., up to 67% higher spectral efficiency for the weakest 5% of users as compared to the non-CoMP case), thus is worth using in mmWave multi-cell networks. LSP shows minimal improvement over the baseline, and ZF is not feasible due to rank deficiency of the product of effective channel matrices after RF precoding and combining. Moreover, the behaviors of the four proposed multi-stream HBF approaches are affected by the interference and SNR level, which are themselves influenced by the cell radius, the number of users per cell, and the number of streams per user. Specifically, a relatively small cell radius (e.g., 50 m) and a small number of users (e.g., three) per cell usually give rise to high per-user spectral efficiency given a constant transmit power for each user.
